T he urinary bladder in higher mammals is uniquely formed and structured to collect filtered waste products from the kidneys and to provide a means for retention and storage of this waste until micturition is convenient for the animal. The bladder lumen is lined by a multilayered, pseudostratified transitional epithelium, underlain by the basement membrane and lamina propria. Smooth muscle deep to this, under parasympathetic neural influence, directs contraction of the bladder, which in conjunction with sphincter relaxation allows for controlled micturition. Importantly, the tissues of the bladder are protected from potentially toxic effects of urine components by a highly ordered array of uroplakins, glycoproteins which coat the apical surfaces of superficial bladder epithelial cells (also termed facet or umbrella cells) and comprise an impermeable barrier to urine and its solutes (1) .
These uroplakins are decorated with mannose moieties, which are co-opted as receptors for binding by uropathogenic Escherichia coli (UPEC), the chief cause of urinary tract infections (UTI) (2) . Bacterial binding to mannosylated uroplakin is the initiating event of cystitis (3, 4) and leads to the internalization of UPEC by superficial bladder epithelial cells during acute bacterial cystitis in murine and human hosts (5) (6) (7) (8) . These cells serve as a protected niche for UPEC to replicate while sheltered from the phagocytic activity of neutrophils summoned in response to infection (9) . Exfoliation of the superficial cell layer is observed later in the acute phase and represents a host defense mechanism capable of eliminating large numbers of replicating bacteria (7, 10) . However, this process also exposes additional cells to infection, as facet cell exfoliation triggers underlying cells to initiate expression of uroplakins (11) . When the acute phase of experimental cystitis has resolved, many hosts remain infected with a small number of organisms residing in quiescent intracellular reservoirs within superficial epithelial cells (10) . These bacteria apparently resist immune clearance and are not eliminated by systemic antibiotic therapy (12) (13) (14) . As these bacteria are thought to serve as a seed for recurrent cystitis caused by the same strain (15, 16) , there is interest in developing novel strategies for their eradication.
One concept for such a strategy is intentional exfoliation of the superficial epithelial layer, which would eliminate many resident bacteria in the urine and force the emergence of remaining reservoir bacteria into the luminal compartment, where systemically administered antibiotics might be effective (15) . Though there are few data to confirm the effectiveness of this concept, one exfoliative agent has predominated in use in a variety of preclinical models for conditions other than UTI (e.g., chronic bladder pain, interstitial cystitis). This agent, protamine sulfate (PS), is an ϳ5-kDa representative of a family of arginine-rich cationic peptides isolated from fish sperm; in humans, recombinant PS is given intravenously for reversal of heparin-based anticoagulation. Importantly, systemic administration of PS in humans can provoke significant allergic (IgE-mediated) and anaphylactoid reactions in several patient populations, including diabetics and infertile men (17) (18) (19) (20) . Its application in moderate to high concentrations to the mouse or rat bladder elicits substantial loss of superficial epithelial cells (21) (22) (23) , and it has been used in combination with other irritants (e.g., lipopolysaccharide) in models of chronic bladder inflammation (24) (25) (26) . Further pursuit of combined strategies targeting chronically resident uropathogens, therefore, would benefit greatly from an optimized exfoliant.
We sought to identify and develop small-molecule topical intravesical agents exhibiting enhanced exfoliative effects and higher potency while requiring short contact time and inducing minimal local inflammation. Here, we present a series of imidazolium salt derivatives demonstrating a cytotoxic effect after limited incubation with cultured bladder transitional epithelial cells. Several representative compounds from this series, selected on the basis of their in vitro activity, were shown to induce near-complete exfoliation of the bladder superficial epithelial cell layer in murine hosts, without overt inflammatory changes or apparent injury to underlying cells. It is expected that these imidazolium salts will prove to be useful in preclinical studies of bladder biology while also holding promise as adjunctive therapeutics for chronic and recurrent UTI. The compounds exfoliate the mammalian bladder rapidly, safely, and effectively and can be adapted structurally to carry other biocides (e.g., silver moieties) in a combined agent. In addition, the chemical backbone provides a tractable platform for future diagnostic and therapeutic application to other urinary tract conditions, such as bladder epithelial cancers.
MATERIALS AND METHODS
Imidazolium compounds. All reagents and solvents used in the synthesis of the compounds were purchased from commercial sources and used without purification with the exception of 2-(chloromethyl)-6-methoxynaphthalene, which was synthesized according to a published FIG 1 Synthetic scheme for imidazolium salts, compounds 1 to 7 (top row), compound 8 (middle row), and compound 9 (bottom row). The identities of substituents R 1 through R 5 in these compounds are indicated in the table, using abbreviations for substituent groups as indicated below the table. Abbreviations: Hex, hexyl; Quin, quinolyl; Nap, naphthyl; NapOMe, 6-methoxynaphthyl; DEO, di(ethyleneoxide).
method (27) . Column chromatography utilized silica gel (60 Å; ICN Medicals) embedded with fluorescence indicator green 254 nm (Fluka Analytical). Melting points were determined on a MelTemp apparatus.
1 H and 13 C{ 1 H} nuclear magnetic resonance (NMR) spectra were collected on a Varian instrument operated at 500 MHz for 1 H and 125 MHz for 13 C, with all spectra referenced to residual solvent protons or the 13 C signal in dimethyl sulfoxide-d 6 (DMSO-d 6 ) (Cambridge Isotope Laboratories) (␦ ϭ 2.50 ppm or 39.51 ppm, respectively). Mass spectrometry was performed by the University of Akron mass spectrometry laboratory (Akron, OH). Elemental analysis was performed by Atlantic Microlabs, Inc. (Norcross, GA) or by the University of Akron Department of Geology (Akron, OH).
Single crystals of compounds 3 to 6 and 8 were coated in paratone oil, mounted on a CryoLoop, and placed on a goniometer under a stream of nitrogen. Crystal structure data sets were collected with a Kappa APEX II SuperDuo charge-coupled-device (CCD) system (Bruker AXS Inc., Madison, WI) equipped with a Mo ImuS source ( ϭ 0.71073 Å) and a Cu ImuS microfocus source equipped with QUAZAR optics ( ϭ 1.54178 Å). Unit cells were determined by using reflections from three different orientations. Data sets were integrated using SAINT (Bruker). An empirical absorption correction and other corrections were applied to the data sets using multiscan SADABS (Bruker). Structure solution, refinement, and modeling were accomplished by using the Bruker SHELXTL software package (28) . The structures were determined by full-matrix least-squares refinement of F2 and the selection of the appropriate atoms from the generated difference map. Hydrogen atom positions were calculated and Uiso(H) values were fixed according to a riding model.
Lyophilized compounds were stored in ambient conditions on the benchtop until the day of use. Compounds were dissolved in dimethyl sulfoxide (Sigma) and then brought up to a working concentration of 1 mM in sterile molecular biology-grade water (Fisher) (final concentration, 1% DMSO). For mouse inoculations, compounds were diluted to 800 M in water. For tissue culture experiments, compounds were diluted from the working 1 mM stock in RPMI 1640 medium (Gibco) containing 10% fetal bovine serum (FBS) (Sigma). Protamine sulfate (PS) (Sigma) (50 mg/ml in water) was used as an established comparator method for bladder epithelial exfoliation (29) , and 0.8% DMSO in water was used as a vehicle-only control.
Cell viability assays. Human bladder epithelial cells (5637 [ATCC HTB-9]; American Type Culture Collection) were maintained in RPMI 1640 medium with 10% FBS. The viability of cultured cells was analyzed by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (TACS; Trevigen) according to the manufacturer's instructions. Briefly, cells were plated (5 ϫ 10 4 per well) and grown to confluence at 37°C with 5% CO 2 . On the day of the experiment, the medium was removed, and compounds and controls (in medium as described above) were added at the indicated doses. Following 15-or 60-min incubation, treatment medium was removed; cells were incubated with fresh medium containing the MTT reagent at 37°C for 3 h, until an intracellular purple precipitate was visible by microscopy. Detergent was then added to each well, and plates were kept at room temperature in the dark overnight. Absorbance at 570 nm was measured on a BioTek Synergy 2 microplate reader, and cell viability was determined by subtracting blanks and dividing the A 570 value of treated cells by cells incubated with medium only. Data shown are representative of two or three independent experiments per compound, with triplicate wells.
Mice. All animal procedures were done with prior approval from the Animal Studies Committee at Washington University. Female C57BL/6 mice 7 to 8 weeks of age (Jackson Laboratories) were anesthetized with inhaled isoflurane, and 50 l of compound or control was delivered to the bladder via transurethral catheterization (30) . Anesthesia was maintained for 15 min following administration to decrease the chance of immediate voiding of bladder contents. A second dose was similarly administered 12.5 h after the initial inoculation. Mice were euthanized after 16 h of compound exposure (3.5 h after the second inoculation), a schedule based on recent studies with PS (29) .
Immunoblotting. Exfoliation was quantified by blotting bladder homogenates for epithelial uroplakins using methods we developed previously (31) . Briefly, bladders were harvested aseptically and homogenized in a bead beater (Bullet Blender Storm 2.4; Next Advance, Inc.) using sterile stainless steel beads. Homogenates were stored long-term at Ϫ80°C, and working aliquots were diluted in SDS loading buffer and maintained at Ϫ20°C. Prior to blotting, homogenates were thawed and loaded without boiling into 12% SDS-polyacrylamide gels. The samples were then semidry transferred to polyvinylidene difluoride (PVDF) membranes, blocked in 2% dry milk with 2% bovine serum albumin (BSA) in blocking buffer (0.5% Tween 20, 3% sodium chloride, 0.13% Tris base [pH 8.2]), and probed for uroplakin la (UPIa) (SC-15173; Santa Cruz Biotechnology) (diluted 1:250) and actin (SC-1616; Santa Cruz Biotechnology) (1:400) or for uroplakin III (UPIII) (SC-33570; Santa Cruz Biotechnology) (1:2,000) and CoxIV (4844S; Cell Signaling) (1:4,000). Different control proteins were used for the parallel Western blots so that, given the molecular weights, the bands could be clearly imaged and quantified. Alkaline phosphatase-conjugated anti-goat IgG (Sigma) (1:1,000) or anti-rabbit IgG (Sigma) (1:2,000) was used as a secondary antibody, respectively. Blots were developed with Tropix CDP-Star (Applied Biosystems) and exposed to film. Band density was quantified by ImageJ analysis, and uroplakin levels were normalized to the loading control bands (actin or CoxIV). Adjusted band densities were compared by paired t test; P values of Ͻ0.05 were considered significant. Data are from two experiments completed in triplicate on different days with freshly prepared compounds. Results were obtained from a total of six mice per compound.
Histology. The bladders were removed aseptically and fixed in methacarn (60% methanol, 30% chloroform, 10% acetic acid). The tissues were then set in 2% agar, embedded in paraffin, sectioned, and stained with hematoxylin and eosin. Images were captured using an Olympus DP25 camera and BX40 light microscope. For each compound included in this analysis (compounds 2, 3, 5, and 9), two or three separate bladders were examined and compared to multiple uninoculated, DMSO-treated, and PS-treated bladders.
Immunofluorescence. Bladder sections were deparaffinized with mixed xylenes and rehydrated with isopropanol prior to antigen retrieval via boiling in 10 mM sodium citrate. Once the slides were cooled, they were blocked with 1% BSA and 0.3% Triton X-100 in phosphate-buffered saline (PBS) and then incubated with rabbit anti-uroplakin III (diluted 1:100) for 1.5 h. Following primary antibody removal, Alexa Fluor 488-conjugated goat anti-rabbit antibody (catalog no. A11008; Life Technologies) (1:500) and Syto 61 (Molecular Probes) (1:1,000) were added together for 30 min at room temperature. Slides were mounted with ProLong Gold (Invitrogen) and examined by epifluorescence microscopy using a Zeiss Axioskop instrument. For each compound included in this analysis (compounds 2, 3, 5, and 9), two or three separate bladders were examined and compared to multiple uninoculated, DMSO-treated, and PS-treated bladders. Cytokine analysis. Cytokine analysis was performed using the BioPlex Pro mouse cytokine Th17 panel A 6-plex group I kit (Bio-Rad) with magnetic beads following the manufacturer's instructions. Undiluted bladder homogenates were centrifuged at 10,000 ϫ g for 10 min at 4°C, and cleared lysates were analyzed in duplicate wells (five mice in a group for the uninoculated group and PS-and DMSO-treated groups; six mice in a group for each group treated with compound 2, 3, 5, or 9). Data were analyzed with BioPlex Manager software according to the manufacturer's instructions.
RESULTS
Synthesis and characterization of a family of substituted imidazolium salts. Compounds 1 and 2 were synthesized according to a published procedure (32) . To synthesize the remaining compounds, the imidazole derivatives were alkylated in two steps (Fig.  1 ). For compounds 3 to 8, commercially available imidazole, 4,5-dichloroimidazole, or benzimidazole was deprotonated by potassium hydroxide in acetonitrile followed by the addition of the respective alkyl halide (X-CH 2 -R 1 ) and heating at reflux to generate the monosubstituted intermediates, which were isolated and characterized. To a solution of the intermediates in acetonitrile was added the second alkyl halide (X-CH 2 -R 2 ), followed by heating at reflux to generate the corresponding imidazolium salts, compounds 3 to 8, which precipitated from the reaction mixtures. These salts were generated in 80 to 90% yields from the monosubstituted intermediates (with the exception of compound 3, which was generated in 50% yield) and required minimal purification. Compound 9 was synthesized by the same general procedure; however, the monosubstituted intermediate was not isolated. The starting imidazole derivative 2-((2-(2-methoxyethoxy)ethoxy) methyl)benzimidazole was first synthesized by the overnight reaction of o-phenylenediamine with 2-(2-(2-methoxyethoxy) ethoxy)acetic acid at 140°C. This imidazole derivative was then converted to the corresponding imidazolium salt, compound 9, via deprotonation and two sequential additions of the corresponding alkyl halides. All chemical intermediates were characterized by 1 H and 13 C{ 1 H} NMR spectroscopy, and compounds 3 to 9 were characterized by multiple spectroscopic techniques to verify their structures and purities. Additionally, the structures of compounds 3 to 6 and 8 were elucidated by X-ray crystallography. The structures of compounds 1 to 9 are shown in Fig. 2 . Full details of the synthesis and characterization of the imidazolium salts (including crystallographic data links) are provided in the supplemental material.
In vitro cytotoxic effects of substituted imidazolium salts. In evaluating the potential utility of the compound series as urinary exfoliants, we first assessed their cytotoxic effect on cultured 5637 bladder epithelial cells, using a standard cell viability (MTT) assay. We aimed to model exposure times relevant to in vivo application, based on dilution by continual arrival of urine into the bladder; short intervals between micturition events (in the murine host); and feasibility of potential treatment duration with a future, optimized agent in human patients. Therefore, treatment intervals of 15 and 60 min were chosen, and a broad range of compound concentrations were tested (0-800 M). Among the 9 compounds, all demonstrated a dose-dependent and variably potent impact on 5637 uroepithelial cell viability after 15 min (see Fig. S2 FIG 5 Immunofluorescence microscopy of treated bladder sections for uroplakin III. After transurethral bladder treatment with protamine sulfate (PS) (50 mg/ml), 0.8% DMSO (vehicle), or compound 2, 3, 5, or 9 (800 M) as indicated, the bladders were harvested, fixed, sectioned, and processed using a dual-antibody scheme for uroplakin III (green) and Syto 61 nuclear stain (red) as detailed in Materials and Methods. DMSO-treated bladders appeared identical to untreated bladders (not shown). While PS treatment showed patchy mild exfoliation, compounds 2 and 9 were strongly exfoliative (i.e., had little UPIII staining), and compound 3 exerted a partial effect. Compound 5 treatment was nearly indistinguishable from vehicle-only (DMSO) treatment. Bar, 50 m.
in the supplemental material) or 60 min (Fig. 3 ) of treatment. Compounds 2 and 9 exhibited a marked cytotoxic effect at 50 M, while the effects of compounds 1 and 7 were evident at 100 M, and the effects of compounds 3 and 6 were evident at 200 M. Compound 5 displayed the least potent activity, inducing significant cytotoxicity only at the highest concentration tested (800 M).
In vivo exfoliative activity of selected imidazolium salts. To correlate these in vitro findings with potential in vivo activity, we selected several compounds from the series for intravesical instillation in mice. Compounds 2 and 9 were selected for their robust in vitro activities, and compound 3 was selected for its moderate activity (median at 100 M among the group); compound 5 was chosen as a comparator, since compound 5 displayed substantially less toxicity to cultured uroepithelial cells (Fig. 3) . Each of these compounds, at the highest in vitro-tested dose (800 M; chosen because in vivo contact time could not be ensured past 15 min of anesthesia), was applied to the bladder in a two-dose schedule over 16 h, and exfoliation of superficial bladder epithelial cells was assessed by multiple methods. By Western blotting of bladder homogenates for either uroplakin Ia or III (assessed independently), instillation of vehicle only (DMSO) caused no measurable exfoliation (Fig. 4) . Protamine sulfate (50 mg/ml), the prototypic bladder epithelial exfoliant, elicited only ϳ25% exfoliation as measured by this method. In contrast, compounds 2, 3, and 9 induced near-complete exfoliation (P Յ 0.02 versus the value for vehicle only for these three compounds; Fig. 4 ). As predicted from our in vitro results, compound 5 had little effect on uroepithelial cell integrity (Fig. 4) . Thus, trends among the compounds in in vivo epithelial exfoliation were reflected in the in vitro cytotoxicity results.
To further delineate integrity of the mammalian bladder epithelium upon exposure to these agents, we treated murine bladders as outlined above, and fixed the bladders for immunofluorescence analysis using a primary antibody to mouse uroplakin III (Fig. 5) . Our results were consonant with those produced by Western blotting quantification. Specifically, treatment with DMSO only did not yield an appearance different from that of uninoculated bladders (uninoculated histology not shown). PS treatment resulted in moderate and patchy exfoliation, while application of compound 2, 3, or 9 at 800 M caused near-complete exfoliation (Fig. 5) . Of note, early uroplakin expression by underlying cells was evident by this time point (16 h), indicating initiation of epithelial differentiation pathways (11) . Meanwhile, compound 5 (800 M) had no discernible effect on the integrity of the facet cell layer.
Bladder tissue responses to imidazolium treatment. To discern inflammatory or other effects on bladder tissue upon exposure to imidazolium compounds, we inoculated mice as outlined above and fixed and stained sections of treated bladders with hematoxylin and eosin in standard fashion. The histology of DMSOtreated bladders was normal (Fig. 6) , as was that of uninoculated bladders (not shown). PS treatment led to patchy epithelial loss, while compounds 2 and 9 yielded complete exfoliation of the epithelium. Compound 3 yielded incomplete exfoliation, while compound 5 had no histologically evident effects. Of note, treat- ment with the exfoliative imidazolium salts (compound 2, 3, or 9) elicited minimal to no cellular infiltrate or edema and no apparent cytotoxicity beyond the basement membrane (Fig. 6 ). In addition, levels of interleukin 1␤ (IL-1␤), IL-6, IL-10, IL-17A, tumor necrosis factor alpha (TNF-␣), or gamma interferon (IFN-␥) in bladder homogenates were not significantly changed after treatment with any of the compounds (data not shown). To assess epithelial recovery from exfoliation, we examined bladders harvested from mice 1 week following treatment as outlined above with the exfoliant PS or exfoliant compound 2, 3, or 9. All treated bladders exhibited a regenerated uroepithelium that was histologically normal in appearance, including restoration of the facet cell layer (Fig. 7) .
DISCUSSION
There is a need in preclinical urologic studies for small-molecule agents that will efficiently achieve exfoliation of the urinary bladder. Protamine sulfate, the most widely used bladder epithelial exfoliant, is a relatively large molecule (ϳ5 kDa) and, with many published application strategies, achieves incomplete epithelial exfoliation. Here, we present a novel series of imidazolium salts with different levels of potency in cytotoxicity to cultured uroepithelial cells and in exfoliative activity in the murine bladder. The compounds displaying the most potent in vitro cytotoxicity were also those with the most exfoliant activity in vivo; similar trends were observed across the compound series. Even the most potent exfoliators in this family remained safe, inducing no discernible systemic effects and allowing regeneration of the bladder epithelium within days. The chemical scaffold also enables conjugation and modification for a variety of experimental and potentially translatable applications.
Among these potential applications, there is recently burgeoning interest in bladder epithelial exfoliation as adjunctive therapy in chronic and recurrent urinary tract infection. As noted in the introduction, acute UPEC cystitis relies critically on rapid bacterial replication within the cytoplasm of superficial bladder epithelial cells, a niche that is protective against the phagocytic activity of arriving neutrophils. After resolution of bacteriuria and acute cystitis in mice, a small population of UPEC persists within uroepithelial cells. These bacteria resist immune clearance and systemic antimicrobial therapy and can reemerge to cause same-strain recurrent cystitis even if antimicrobials have symptomatically resolved the initial episode. More recent studies have suggested that a combined exfoliant/antimicrobial approach might help to eradicate these chronically resident bacteria (15) . This approach, if translated to a population of women with recurrent cystitis, would markedly impact the morbidity of this recalcitrant condition. Preliminary work indicates that the exfoliants presented here exhibit antibacterial effect against UPEC at relatively high concentrations (e.g., Ͼ50 M; data not shown). In addition to this potential intrinsic antibacterial use, these exfoliants could be chemically modified with biocides (e.g., silver cation) or delivered in conjunction with existing antimicrobials to interrupt this cycle of recurrent infection or to prevent UTI, for instance, following urinary tract instrumentation.
More challenging is the clinical investigation and preclinical modeling of urologic chronic pelvic pain syndromes, including chronic bladder pain, interstitial cystitis, and chronic prostatitis (33) . These conditions confer burdensome symptoms to many patients, and as the causes are poorly understood, directed and evidence-based management options are lacking. However, there is evidence that exfoliation of the superficial bladder epithelium might mitigate pain associated with these conditions (29) . In part, this may be because the uroepithelial cells represent a primary source of proinflammatory cytokines and chemokines in bladder inflammatory responses. Thus, while one might at first glance expect that intentional uroepithelial exfoliation would be inflammatory, the approach may in fact curtail inflammation and provide analgesia (29) . Our cytokine data also support the lack of significant inflammation associated with exfoliation.
A further application of urinary bladder exfoliation would be in the diagnosis and treatment of bladder cancer, specifically transitional cell carcinoma. Uroepithelial cancers can be diagnosed by cystoscopy and biopsy but also noninvasively by urine cytology. The sensitivity of cytology may be augmented with the use of either monoclonal antibodies to detect carcinoma antigens or fluorescent in situ hybridization probes for chromosomal abnormalities found in bladder carcinoma (reviewed in reference 34). In addition, postresection monitoring in bladder cancer patients may involve both cytology and other biomarker-based methods (e.g., detection of nuclear matrix protein 22). However, the utility of these newer approaches is not universally accepted, especially across distinct patient populations and clinical situations (35) , and additional biomarkers and methodologies are under study. Topical administration of an exfoliant would provide a much richer sample for cytologic analysis, likely increasing the sensitivity of cell-based diagnostics. In addition, as mentioned above, the chemical scaffold presented here could, hypothetically, be modified to target the exfoliant more specifically to carcinoma cells. Overall, imidazolium salt-based uroepithelial exfoliants have a number of potential applications in both UTI and noninfectious conditions of the urinary tract.
